The progress curves for the inhibition of aromatase by 19-thiomethylandrostenedione and 19-azidoandrostenedione were found to be non-linear where the extent of inhibition increased with time. Further experiments enabled these compounds to be classified as 'slow-binding' inhibitors of aromatase. The phenomenon was attributed to the formation of an initial E.I complex that rearranged to another species (E I*) in which the interaction between the enzyme and inhibitor had been maximized, giving rise to tighter binding. When 19-thiomethylandrostenedione was used as the inhibitor the to05 (half-time) for the dissociation of E-I* was calculated to be 12.6 min with K1 and K1* values of 2.4 and 1.4 nm respectively. In the case of 19-azidoandrostenedione, the two separate dissociation constants were not determined, and a single K1 value of 5 nM was obtained. The conclusions drawn from kinetic studies were confirmed by absorption spectrometry, when timedependent formation of complexes between aromatase and either 19-thiomethylandrostenedione or 19-azidoandrostenedione were observed by the formation of 'Type II' spectra. The two complexes respectively had maxima at 429 and 418 nm. The spectral data suggested that the two inhibitors interact with the haem iron of aromatase, forming hexaco-ordinated species for which structural models are presented.
INTRODUCTION
The conversion of androgens into oestrogens (1-4, Scheme 1) is catalysed by cytochrome P-450 aromatase ( [1] and references cited therein) and occurs through the participation of three sequential oxidation reactions at C-19, each requiring 1 mol of NADPH and 1 mol of 02 [2] [3] [4] [5] . We have extensively studied the mechanism of action of the enzyme, and the salient feature of our findings [1, [3] [4] [5] , which have received support from the studies of other groups [6] [7] [8] , are summarized in the sequence of Scheme 1. This subject has recently been reviewed [5] .
There is much recent medical interest in aromatase, since inhibitors of the enzyme may be of value as contraceptives and also for treating oestrogen-dependent diseases, particularly breast cancer. This potential application prompted us to initiate a programme of work aimed at designing specific (1) into oestrone (4) The fate of the two pro-chiral hydrogen atoms (HR and Hs) is highlighted by identifying these as HO and HA respectively. The scheme shows that, whereas HO is removed as H020 in the conversion 2 -3, HA is expelled with formate. 2' @2 and @2 denote the oxygen molecules used in each of the three steps. The oxygen molecule (02) used in the first step is incorporated into 2 and remains undisturbed during the conversion of 2 into 3. This oxygen (Q) and another from *2 used in the third step are found in formate. The scheme also shows that ,fl and 2,f hydrogen atoms, denoted as H0, are eliminated in the final aromatization process as water.
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Vol. 273 aromatase. This endeavour has culminated in the discovery that steroids containing heteroatoms at C-19, as exemplified by 19 azidoandrostenedione and 19-thiomethylandrostenedione (subsequently referred to as the azidosteroid and thiomethylsteroid respectively; see structures 5 and 6 in Fig. 7 (6) were synthesized as described previously [10] .
Preparation of placental microsomes
This was carried out using the original method of Ryan [11] as described previously [10] . Purification of aromatase Aromatase was partially purified by the method of Kellis & Vickery [12] , except that the DE-52 anion-exchange step was omitted, owing to the loss of an unacceptably large amount of enzyme activity at this stage, which was attributed to the dissociation of haem from cytochrome P-450. Furthermore, in order to obtain substrate-free aromatase for use in the spectral studies, androstenedione was not present in the buffers used for the final hydroxyapatite chromatographic step. Processing of six placentae gave 10 ml of the final extract containing 20 nmol of aromatase as determined spectrally from a molar absorption coefficient (6429-393) of 126 mm-' 1cm-1 [12] . The estimation of total haem [13] gave a value which showed that 90% of haem in the aromatase was bound as cytochrome P-450 For preincubation experiments (Fig. 2 below) 
RESULTS

Enzyme preparation
As in other cytochrome P-450 systems, aromatase-catalysed reactions require the participation of another enzyme, NADPH:cytochrome P-450 reductase, which is responsible for the transfer in two steps of a hydride equivalent from NADPH to the haem iron of the cytochrome. Carefully prepared placental microsomes contain both the enzymes (aromatase and the reductase) and, in the presence of NADPH and 02, catalyse the formation of oestrogen from androstenedione (Scheme 1).
Aromatase was also solubilized using detergents and further purified by hydrophobic and hydroxyapatite chromatography [12] . In the experiments described below, such a purified enzyme was used to study spectroscopically the binding of substrate and inhibitory ligands to the haem component of aromatase. The solubilized preparation was reconstituted to obtain a catalytically functional preparation through dilution of the detergent and supplementation with the reductase. The kinetic parameters of the reconstituted enzyme, in addition to the concentrations of NADPH, the reductase and detergents, are dependent on several other factors. These include the type of vesicles formed when the detergent-solubilized protein is diluted with the assay buffer, the extent of dispersion of the water-insoluble substrate in the aqueous medium and whether phospholipids are included during the reconstitution process (see [14] (see [15] Non-linear rate of aromatization When the aromatization reaction was monitored in the presence of various concentrations of the thiomethylsteroid, a family of non-linear progress curves were obtained in which the extent of inhibition increased with time ( Fig. 1 ). This behaviour is reminiscent of compounds which either irreversibly inactivate an enzyme or act as 'slow-binding' inhibitors [16] . In order to differentiate between these alternatives, the microsomes were preincubated with the inhibitor and, after 15 min, the mixture was supplemented with the substrate and other components of the overall reaction and the time course of product formation assayed (Fig. 2a) The substrate (androstenedione) concentration was 500 nm. Reactions were initiated either by addition of microsomal aromatase (100 /zg/5 ml of incubation mixture) and NADPH-regenerating system to inhibitor and substrate (El) or by addition of substrate and NADPH-regenerating system to a preincubation containing microsomal aromatase and inhibitor (0). Control incubations contained no inhibitor (-).
enzyme-inhibitor complexes formed in the preincubation phase were reversible and that the overall kinetic behaviour is characteristic of 'slow-binding' inhibition [16] .
Several models have been proposed to account for this type of inhibition [16] . The observation that the initial rates vary with inhibitor concentration (see Fig. 1 ) and that the inhibitor was present in large excess over the enzyme leads us to believe that the model which best explains our results in one where binding involves the sequence:
E+1 =r E*-I=-E-I* k2 k4
In this case the rapidly formed enzyme-inhibitor complex, E I undergoes slow isomerization to another complex E I* where the inhibitor is bound more tightly [16] . The plots in Fig. 1 may be used to obtain initial (v0) and steady-state (v3) velocities as well as k (which is the apparent firstorder rate constant for the establishment of equilibrium between E I and E. I*). The intersection point of two linear curves, as illustrated in Fig. 1 for the curve (A), can be used to obtain l/k [16] . Such determinations were made for all the curves in Fig. 1 and values substituted in the equation:
to give a mean value for k4 of 0.055 min-', with an S.D. of + 0.001 (n = 4). From the latter, to.5 (half-time) for the isomerization of E-I* to E I was calculated to be 12.6 min.
Calculation of Ki values
The progress curves in Fig. 1 (6) . Qualitatively, the azidosteroid (5) gave plots similar to those obtained for the thiomethylsteroid (6) in Fig. 1 . However, with the former the separation between the two phases was not easily discernible, and it was not possible to obtain a reliable estimate of vo and vs.
The data were therefore treated conventionally to obtain a single dissociation constant, K,, of about 5 nm for the azidosteroid (5).
Spectroscopic examination of the aromatase-inhibitor complexes
The chemical nature of the complexes formed between the thiomethyl and azidosteroids with aromatase were studied by using u.v.-visible spectroscopy. As in other cytochrome P-450 enzymes, the binding to aromatase of its substrate, androstenedione, is marked by the perturbation of the Soret band of haem, giving rise to a 'Type I' spectrum having a peak at 388 nm and a trough at 420 nm [19] . This is shown in curve A, Fig. 3 . In contrast, Curves B and C show difference spectra obtained with the thiomethyl and azidosteroids (6 and 5) respectively.
The time-course study in Fig. 4 (curve B) shows that the aromatase-substrate spectrum developed to the extent of 80 % of the maximum value within the first 12 time at which a reliable absorbance reading could be made using the facilities currently available in our laboratory. Interestingly, however, the absorption spectrum due to the formation of the aromatase-thiomethylsteroid complex developed slowly, reaching a maximum after 6 min. This observation is complementary to the 'slow-binding' profile revealed by the kinetic experiments of Figs. 1 and 2 . The time course of the formation of the aromatase-azidosteroid complex gave a plot which was intermediate between curves A and B (Fig. 4) and is not shown here.
The fact that the aromatase-substrate and the two aromataseinhibitor complexes had their own characteristic absorption profile was exploited to determine spectrophotometrically the reversible nature of the complexes. The phenomenon was most clearly revealed by starting with a set-up in which the experimental and reference cuvettes contained a preformed complex that, on recording, gave a smooth baseline. The displacing ligand was then added to the experimental cell and the development of the new spectrum recorded with time. Fig. 5(a) shows the displacement of the substrate from the aromatasesubstrate complex by the thiomethylsteroid, and Fig. 5(b) illustrates the complementary experiment.
The displacement protocol above was extended to the titration of the enzyme with two inhibitors, yielding a series of curves (Fig.  6 ) that allowed the calculation of apparent spectral dissociation constants, K., for thiomethylsteroid and azidosteroid of 6.4 /tM and 6.7 4aM respectively. In view of the tight binding of these inhibitors to aromatase, the titrations were performed using the protocol of Kellis et al. In order to allow direct comparison of spectroscopic and kinetic data, the K, for the thiomethylsteroid was determined using the reconstituted system, and a value of 12 nm was obtained. Thus, in broad terms, these values suggest a similar tight binding of the inhibitor to aromatase in both types of experiments (spectroscopic and kinetic). The data of Fig. 6 are useful, but an important aspect of the present work is the demonstration that the formation of the spectral species in Fig.  4 , and the attainment of the maximum inhibition during the kinetic experiments ( Fig. 1 ) are time-dependent processes. It should be noted that the biphasic nature of inhibition observed in Fig. 1 was most readily discernible in the microsomal system and not with the solubilized reconstituted enzyme. However, when the thiomethylsteroid is preincubated with the solubilized reconstituted enzyme for 15 min and the reaction is then initiated by the addition of the substrate, then the same non-linear inhibition profile (i.e. Fig. 2a , curve *) as seen with the microsomes is obtained.
CONCLUSION
The present work extends our earlier studies [9] and shows that the kinetic profile ( Figs. 1 and 2 ) exhibited by the thiomethyland azido-steroids is characteristic of compounds which have been designated as slow-binding inhibitors [16] . This mode of inhibition involves an initial rapid interaction between the enzyme and competitive inhibitor to produce the E I complex that then undergoes a slow conformational change to produce a tighter complex, EI*, in which the interactions between the enzyme and the inhibitor have been maximized.
The chemical nature of the interaction was further explored by u.v.-visible difference spectroscopy, and this technique corroborated the conclusion drawn from the kinetic experiments. The complex-formation between the enzyme and the thiomethylsteroid, as revealed by the formation of a unique light-absorbing species, was a time-dependent process (Fig. 4) . The final difference spectrum had increased absorption at 429 nm, with a trough at 393 nm, which is characteristic of a 'Type II' spectrum [19] and indicates the formation of a low-spin species, which is attributed to the co-ordination of the steroidal sulphur atom to the haem iron of the cytochrome (Fig. 7) . This formulation is based on studies previously performed by Nastainzcyk et al. [21] , who showed that binding of various organic sulphides to several types of liver microsomal cytochrome P-450 preparations produced spectra having absorption maxima and minima within a range found for the aromatase-thiomethylsteroid complex in curve B, Fig. 3 .
Since our original report [9] that the thiomethylsteroid interacts with aromatase producing a 'Type II' spectrum, related examples of this phenomenon involving a 10/J-thi-irane steroid and 19-thiolandrogens have been described [15, 18] . We have now shown that the azidosteroid also interacts with the enzyme by a similar mechanism to produce a spectrum with peak and trough absorbances at 418 and 387 nm respectively. These values are similar to those previously found (maximum at 425 nm and a trough at 391 nm) for the interaction of-NH2-containing ligands to various cytochrome P-450-dependent enzymes (see [19] ). The present work, however, demonstrates for the first time that a resonancestabilized negative charge in the zwitterionic structure of an organic azide can participate in bonding with a metal. Extrapolation from the computer-graphic analysis of the interaction of various C-19 thioalkylsteroids with aromatases in [10] allows us to hypothesize that it is the a-nitrogen in the canonical structure (b) which is most likely to be involved in co-ordination with the haem iron of aromatase: The illustration shows the formation of co-ordinate bonds between the nitrogen of the azidosteroid (5) or the sulphur of the thiomethylsteroid (6) and the iron in the haem b prosthetic group (7) Fig. 4 suggests that the development of a full coordination bond is a relatively slow process and, therefore, during the conditions of steady-state kinetics, a range of enzymeinhibitor complexes may exist which differ in the extent of coordination bond formation. Fig. 7 shows the structure of the two inhibitory complexes when the co-ordination bonds are fully developed.
Note added in proof (received 6 December 1990) Since this paper was originally submitted, a recent review of the field has been published [23] .
